Shiga toxin-producing Escherichia coli (STEC) strains of various serotypes are important foodborne pathogens that pose a serious public health concern, resulting in significant financial burden. STEC strains have been implicated in numerous outbreaks, with symptoms ranging from bloody diarrhea to other, more severe, diseases such as hemolytic uremic syndrome (HUS), a life-threatening complication that is the major cause of kidney failure for children younger than the age of 5 years (11) . Cattle are the principal animal reservoir of these zoonotic pathogens, and foodborne outbreaks of illness have been associated with the consumption of ground beef, dairy products, vegetables, and fruit juices, etc. (20) (21) (22) .
Since it was first identified in 1982, STEC serotype O157:H7 has become the most commonly identified STEC serotype, causing multiple clinical diseases and foodborne outbreaks in North America, Europe, and Asia. Serotype O157:H7 infection can cause bloody diarrhea, HUS, and thrombotic thrombocytopenic purpura, etc. It has been estimated that E. coli O157:H7 is responsible for over 73,000 cases of illness each year in the United States (8) . Meanwhile, numerous outbreaks associated with the non-O157 serotypes also have contributed to the public burden of human infections and clinical diseases. Despite increased isolation of non-O157 STEC strains from patients, outbreaks, and environmental sources (32, 33) , the public health significance of these pathogens has not been well investigated due to diagnostic limitations and inadequate surveillance. According to studies at the Centers for Disease Control and Prevention (CDC), approximately 70% of the non-O157 STEC infections that emerged from 1983 to 2002 were caused by one of six major serotypes, which are now referred to as ''the big six,'' including O26, O45, O103, O111, O121, and O145. It was reported that these six STEC serotypes, collectively, caused more human infections in the United States in 2010 than did STEC O157:H7; therefore, the U.S. Department of Agriculture (USDA) Food Safety and Inspection Service (FSIS) has announced the intention to carry out an enforceable program to give these non-O157
STECs the same regulatory scrutiny as STEC O157:H7 in the national's beef supply (45) . Among these six non-O157 serotypes, O26 is the most common non-O157 STEC isolated from specimens submitted to CDC for serotyping. O26 was found to be responsible for 40% of all non-O157 and 14% of total STEC-related cases of HUS in Austria and Germany between 1996 and 2003 (1). This serotype also was found to play an important role in the etiology of acute diarrhea in young children (13, 34) . Recovery of serotype O26 from cattle and beef products has been reported in different countries (1, 29, 47) . On the other hand, serotype O111 is the second most common non-O157 STEC strain isolated from specimens submitted to the CDC. This serotype has been associated with sporadic cases and outbreaks of bloody diarrhea. The first case of community O111 outbreak was reported in Texas in 1999, and further analysis of samples from patients confirmed that STEC O111:H8 was the causative agent of the infection. The largest foodborne outbreak due to STEC O111 in the United States was reported in Oklahoma in 2008; it caused over 340 cases of human infections and severe diarrhea illness (6) . In addition, one study reported that O111 was responsible for the majority of HUS cases in the United States (5). O111:H8 and O111:nonmotile strains are the two most frequently isolated O111 serotypes, and these pathogens have been detected in cattle fecal samples and in ground beef products (42) .
It has been shown that various STEC serotypes have the ability to attach, colonize, and form biofilms on a wide variety of food contact surfaces commonly used in meatprocessing plants as well as on vegetables and meat products (25, 39) . Food processing equipment design and surface materials also could affect bacterial attachment and biofilm formation. In addition, bacterial biofilms are usually much more tolerant to sanitizing agents than free-flowing cells of the same species, so it is difficult to completely inactivate biofilms formed on the equipment and in the environment, and the surviving biofilm cells may detach from the surface and contaminate food products. Strong attachment of the STEC biofilms on food surfaces may also affect the efficiency of antimicrobial interventions applied to food products for reducing contamination. Thus, STEC biofilm formation is a serious potential hazard in food hygiene and may become a source of cross-contamination in the food processing environment. Prevention, removal, and inactivation of STEC biofilms, therefore, are critical for improving hygiene, controlling contamination, and enhancing food safety.
Considerable research has been directed at evaluating the impact of STEC biofilms on food safety, as well as understanding the mechanisms and genetic basis for biofilm formation by these pathogens (3, 11, 25, 27, 38, 39) . Studies also have investigated the tolerance of STEC cells in biofilms to decontamination reagents (18, 19, 26, 40) . However, most of these studies have focused on serotype O157:H7 since it is the serotype most commonly associated with foodborne outbreaks and clinical diseases. In contrast, there are relatively few reports on the ability of non-O157 serotypes to form biofilms (2, 9, 28, 41) and to tolerate sanitizers. In the present study, we compared various strains of STEC serotypes O157:H7, O26:H11, and O111:H8 for their ability to form biofilms under different conditions and for the tolerance of their biofilms to sanitizing regents commonly used in the food processing environment.
MATERIALS AND METHODS
Bacterial strains, culture conditions, and curli expression. Ten strains each of STEC O157:H7, STEC O26:H11, and STEC O111:H8 that varied epidemiologically by sources were used for biofilm formation and sanitization study (Table 1) . Each isolate was characterized by enzyme-linked immunosorbent assay, using anti-O157, O26, O111, and H7 monoclonal antibodies and multiplex PCR for stx 1 , stx 2 , eae, hlyA, rfb O157 , fliC H7 rfb O26 , fliC H11 rfb O111 , and fliC H8 (11, 12, 14, 16, 31, 36, 48) . Additionally, each strain was genotyped for a polymorphism residing within the translocated intimin receptor gene (tir 255 T . A) (3). Curli expression of these STEC strains was screened using Congo red indicator (CRI) plates as previously described (15) .
All strains were stored at 270uC in Lennox broth (LB; Acumedia Manufacturers, Baltimore, MD) containing 15% glycerol. Prior to use, each strain was streaked from the glycerol stock onto LB agar plates and grown overnight at 37uC. To prepare bacterial broth cultures at stationary phase for biofilm formation and sanitization study, bacteria from a single colony on LB agar plates were inoculated into LB-low salt (LB-LS) broth and incubated overnight (16 to 18 h) at 37uC with orbital shaking at 150 rpm.
Sanitizers. Two types of commercial sanitizers commonly used in the food processing industry were tested in this study. The quaternary ammonium chloride (QAC)-based sanitizer, Vanquish (Total Solutions, Milwaukee, WI), contains a mixture of alkylbenzyldimethylammonium chlorides with various even-numbered alkyl chain lengths as active ingredients. This product is a broadspectrum disinfectant and sanitizer authorized by the USDA as category D2 for use in meat, poultry, and other food processing plants. Vanquish is also an Environmental Protection Agencyregistered pesticide product, and it can be applied to sanitize hard nonporous surfaces of food processing equipment, utensils, dishes, countertops, and other precleaned food contact surfaces without requiring a rinse after its use. Following the manufacturer's instructions, a 1:171 dilution of Vanquish, containing 300 ppm of active ingredients, was used for all QAC treatments throughout the study. The chlorine solution at the final concentration of 200 ppm was prepared in sterile distilled water from commercial germicidal bleach containing 6.15% sodium hypochlorite (Clorox, Oakland, CA), and the chlorine level in the solution was confirmed using High Range Free Chlorine Test Strips (LaMotte Co., Chestertown, MD).
In vitro quantitative assay for biofilm formation on polystyrene microtiter plates. To assess biofilm formation by the crystal violet (CV) staining assay, bacteria strains were grown overnight as described above to reach a cell concentration of approximately 5|10
8 CFU/ml. The overnight culture of each strain was 100-fold diluted in sterile LB-LS broth and added to 96-well flat-bottom polystyrene plates (Costar, Corning, NY) at 200 ml per well. Control wells contained only sterile LB-LS broth. Plates were incubated statically for 24, 48, or 72 h at 22 to 25uC. After incubation, supernatants in each well were gently harvested by aspiration, and bacterial planktonic growth was determined by measuring A 600 using a microplate reader (Molecular Devices, Sunnyvale, CA). The plates were washed with 200 ml per well of 1| sterile phosphate-buffered saline (PBS; pH 7.2) to remove loosely attached cells and then air dried and stained with 100 ml per well of 0.1% CV for 20 min at 22 to 25uC. The plates were washed again with PBS and air dried, and the remaining CV was dissolved in 100 ml per well of 85% ethanol. The amount of the extracted CV in each well was determined by measuring A 570 using the microplate reader. Each data point was averaged from at least six replicate wells. The experiments were performed five times using independent cultures.
Pellicle formation at air-liquid interfaces in glass tubes. To compare the ability of various STEC strains to form pellicles at the air-liquid interface, overnight bacterial cultures were diluted 1:100 in fresh LB-LS broth and added to glass tubes (16 by 150 mm; Kimble Glass Inc., Eugene, OR) at 2 ml per tube. Tubes of sterile LB-LS broth were used as negative control samples, and all tubes were incubated statically for 5 days at 22 to 25uC. Supernatants were gently removed at the end of the incubation period, and all tubes were washed with 3 ml per tube of PBS. The tubes were air dried, stained with 3 ml per tube of 0.1% CV for 20 min at 22 to 25uC, and then washed twice with 3 ml per tube of PBS. The tubes were air dried again, and pellicle formation at the air-liquid interfaces was photographed using a digital camera for visual comparison. The remaining CV in each tube was dissolved in 4 ml of 85% ethanol by vortexing and was transferred to a new 96-well plate at 200 ml per well for optical density at 570 nm (OD 570 ) measurement using the microplate reader. Each data set was the average of results from at least three replicate wells. The experiments were repeated three times using independent cultures.
Tolerance of STEC biofilm cells to sanitizing agents. The two types of sanitizers described above were applied to test the survival capability of different STEC cells in biofilms. Three STEC strains that exhibited curli expressions at different levels and showed either high or moderate potency of biofilm formation in the previous tests were selected from each serotype and allowed to form biofilms on 96-well polystyrene plates for 72 h as described above. At the end of the incubation period, bacterial supernatants were gently removed by aspiration, and the plates were washed with 200 ml per well of sterile PBS to remove the planktonic cells or any loosely attached cells. The plates were air dried for 5 min at 22 to 25uC, and then the wells were filled with 200 ml of sterile PBS, a 300-ppm QAC solution, or 200 ppm of chlorine. All sanitizing solutions were removed by aspiration after incubation at 22 to 25uC for 2 or 10 min. Then the samples were neutralized by adding 170 ml per well of Dey/Engley broth (BBL, Difco, Sparks, MD) supplemented with 0.3% soytone and 0.25% sodium chloride, and the remaining cells in each well were harvested by scraping the surface with sterile pipette tips and rinsing the well with the neutralizing broth. Bacterial cells harvested from six replicate wells that received the same sanitization treatment were combined into ,1 ml of neutralizing broth, vigorously vortexed to disrupt cell aggregates, and then serially diluted in fresh neutralizing broth and plated onto PetriFilm AC plates (3M Microbiology, St. Paul, MN). The plates were incubated overnight (16 to 20 h) at 37uC, and then colonies on the plates were counted to determine the number of STEC cells present.
Statistical analysis. Adjusted OD (A 570 ) was calculated as the difference between the OD of the samples and the OD of the negative controls. Data were analyzed with the generalized linear model procedure of SAS with fixed effects of species and strain within species, which was tested against the species sums of squares. When the OD data of biofilm formation on 96-well plates were analyzed, the model also included incubation time and the interaction of strains (species) and incubation time. The least significant difference (LSD; P , 0.05) was calculated using the probability of difference option. Data of bacterial colony counts from sanitization experiments were log transformed and analyzed with the generalized linear model procedure of SAS with fixed effects of sanitizer, exposure time, species, and strain within species, which was tested against the species sums of squares. All possible interactions were tested, and the LSD (P , 0.05) among means for the three-way interaction was calculated using the probability of difference option.
RESULTS
Detection and quantification of STEC biofilm formation on polystyrene microtiter plates. Biofilm formation on 96-well polystyrene plates was measured with CV staining as an initial phenotype screening to compare the biofilm-forming ability by various STEC strains of serotype O157:H7, O26:H11, or O111:H8. Ten strains of each serotype were used to determine biofilm formation after incubation at room 48 h, but showed a decrease of biofilm mass at various levels after 72 h of incubation. Notably, statistical analysis of variance (ANOVA) showed significant influences of both strain and incubation time on biofilm development; however, no significant influence of the serotypes was observed. These data suggested that STEC biofilm formation on polystyrene surfaces was highly dependent on the strains but not the serotypes, since no particular serotype among the three showed higher potency compared with the others. Other experimental conditions, such as incubation time period, also played an important role in biofilm development in this experimental setting.
Pellicle formation at the air-liquid interface on glass surfaces. Another feature characteristic of biofilm formation, the formation of a pellicle at the air-liquid interface, was examined in glass tubes using the same strains. When grown statically at room temperature for 5 days, all O157:H7 strains showed pellicle formation at low levels. However, under the same conditions, O26:H11 strains 7-14 50A and 10205 each formed a very dense pellicle by the edge of the liquid culture at the interface, followed by strains 18 B24-2, DEC 10E, and 99.0703. Meanwhile, O111:H8 strains 7-14 10A, TW05614, 7-45 80A, 7-16 64A, BEOO-749, and 1056-1 all demonstrated significant pellicle formation compared with the negative control tubes containing only the sterile LB broth ( Fig. 1 and Table 3 ). When the pellicle in each tube was stained with CV and dissolved in 85% ethanol, and the OD 570 was measured, statistical ANOVA showed significant influences of both the strain and the serotype on pellicle formation, indicating that serotype O26:H11 had the highest potency of pellicle formation at air-liquid interface on glass surfaces, followed by serotype O111:H8. Overall, serotype O157:H7 exhibited limited to no capacity for pellicle formation in this experimental setting.
Bacterial survival in sanitizer-treated biofilms. Table 4 represents the mean of total surviving bacteria (log CFU per well) in biofilms formed by different strains after being treated with PBS, a 300-ppm QAC solution, or 200 ppm of chlorine. The number of viable cells recovered from PBS-treated biofilms was used as a positive control for each strain in order to compare their surviving capability after sanitizer treatment for the different time periods. After removing planktonic cells and loosely attached bacteria with PBS washing, the cell density in biofilms formed on 96-well polystyrene plates reached approximately 7.0 to 8.0 log CFU per well. Notably, for each individual strain, similar cell densities were recovered from biofilms washed by PBS for 2 or 10 min. However, for each individual strain, significant cell reductions were achieved by each sanitizer with either 2-or 10-min exposure time, calculated by statistical analysis of means with the LSD among means at 0.845 (P , 0.05).
QAC solution. Compared with PBS washing, bacterial survival after the 300-ppm QAC treatment was highly strain-dependent. QAC exposure for 2 min resulted in an approximately 2.0 log CFU per well reduction of STEC O157:H7 biofilm cells. Prolonged periods of QAC treatment led to further reductions of viable cell populations. A 10-min QAC exposure reduced viable cells of strain FSIS 62 from 7.47 to 4.37 log CFU per well, a 3.0-log CFU per well reduction. For the two curli-negative O157:H7 strains, TX 909-1 and USDA 39, the longer period of QAC exposure reduced biofilm cells from 7.35 to 1.47 and from 7.40 to 1.02 log CFU per well, respectively. When the O26:H11 biofilms were treated with the 300-ppm QAC solution, a 2-min exposure led to 1.67-and 2.88-log CFU per well reductions of biofilm cells by the curli-positive strains 7-14 50A and 10205, respectively. A 10-min treatment reduced these biofilm cells by 2.79 and 2.71 log CFU per well. However, viable cells in biofilms formed by strain DECA 10A, an O26:H11 strain with weak curli expression, were reduced to a negligible level of 0.76 log CFU per well with either 2-or 10-min QAC exposure. Similar results were also obtained when the O111:H8 biofilms were treated with QAC solution. Viable cells in biofilms formed by curlinegative O111:H8 strain TW05614 were reduced to 1.28 and 1.55 log CFU per well by 2-and 10-min QAC exposures, respectively, each representing an over 6.0-log CFU per well reduction. However, biofilms formed by the curli-positive O111:H8 strains 7-14 10A and 1056-1 exhibited higher tolerance to the treatment. Cell densities of these biofilms were reduced by approximately 1.0 and 2.0 log CFU per well following 2-and 10-min QAC exposures, respectively.
Chlorine. The STEC biofilms exhibited tolerance to chlorine treatment at different levels, which was also highly strain-dependent. Exposure to 200 ppm of chlorine for 2 or 10 min each reduced biofilm cell densities of curli-positive O157:H7 strain FSIS 62 by approximately 3.0 log CFU per well. For the curli-negative O157:H7 strains, 2-and 10-min chlorine treatments reduced viable cells of strain TX 909-1 by 1.97 and 3.66 log CFU per well, respectively. Chlorine treatment also reduced viable cells in biofilms formed by curli-negative strain USDA 39 to 3.16 log CFU per well (a 4.27-log reduction) and to 0.71 log CFU per well (a 6.69-log reduction) after 2-and 10-min exposure, respectively. This treatment reduced viable cell counts in biofilms formed by O26:H11 strain DECA 10A with a weak curli expression to 2.95 log CFU per well (a 4.18-log reduction) after a 2-min exposure, and to a negligible level of 0.18 log CFU per well (a 6.91-log reduction) after a 10-min exposure. Biofilms formed by the two curli-positive O26:H11 strains were less sensitive to chlorine treatment. Exposure of these biofilms to 200 ppm of chlorine resulted in approximately 2.0-to 3.0-log cell reductions after a 2-min exposure, and 3.0-to 4.0-log cell reductions with a 10-min exposure. For the O111:H8 strains, 200 ppm of chlorine treatments for either 2 or 10 min were effective in deactivating biofilms formed by curli-negative strain TW05614, both reducing viable cell counts to lower than 1.0 log CFU per well. However, biofilms formed by the two curli-positive O111:H8 strains were much more tolerant to the same treatments, which only reduced viable bacterial counts by 1.0 to 2.0 log CFU per well for strains 7-14 10A and 1056-1.
Thus, of the STEC strains that we tested, the curlinegative strains were overall more sensitive to both types of sanitizers, while biofilms formed by the curli-positive STEC strains were more tolerant. However, statistical analysis of means indicated that there was no significant difference in cell reductions among the three STEC serotypes with either sanitizer treatment.
DISCUSSION
Biofilm formation is one of the major strategies that support bacterial survival under adverse circumstances. Bacteria can form biofilms on a wide variety of solid surfaces and at the air-liquid or liquid-solid interfaces. It has been shown that STEC may form biofilms in different areas In the present study, we first compared the potential of biofilm formation by various STEC strains of serotypes O157:H7, O26:H11, and O111:H8. Biofilm formation on polystyrene surfaces appeared to be a strain-dependent phenomenon regardless of the serotype (Table 2 ). Statistical ANOVA indicated that only the factors of strain and incubation time affected biofilm development in this setting. This is consistent with previous studies conducted by Dourou et al. (10) using a collection of O157:H7 strains. They found that bacterial attachment to beef fabrication surfaces was highly strain-dependent, suggesting that strain selection was important for STEC biofilm research (10). Similar results were also obtained from a more recent study (2) that determined the presence of adhesion-related genes and compared biofilm-forming ability in 18 O157:H7 strains and 33 non-O157 strains belonging to serotypes O26, O111, O103, and O145. This study concluded that, under defined culture conditions, the ability to develop biofilms on abiotic surfaces (96-well plates) varied from strain to strain but was not restricted to any particular serotype.
However, we obtained different observations when testing pellicle formation at the air-liquid interfaces on glass surfaces. We found that all O157:H7 strains exhibited weak pellicle-forming ability, whereas five O26:H11 strains and six O111:H8 strains formed dense pellicles ( Fig. 1 and Table 3 ). Statistical analysis indicated that factors of both strain and serotype played significant roles in this phenomenon. It has been known that STEC biofilm formation could be influenced by a variety of factors, including the characteristics of the strains, physical and chemical properties of the surface materials for cell attachment, bacterial growth phases, growth medium, and other environmental conditions. In our settings, the different surface materials for cell attachment and the sufficient air exposure available at the air-liquid interfaces may have played a role in the differences that we observed. Numerous studies have shown that surface materials had significant effects on bacterial adhesion and biofilm formation (25, 50) . STEC strains also demonstrated different biofilm-forming potential on hard surfaces made of various materials. In particular, the O157:H7 strains were found to form biofilms most efficiently on stainless steel and on high density polyethylene surfaces; and the O157:H7 biofilms on stainless steel were able to transfer the bacteria to meat, poultry, and other food products (39, 40) .
Biofilm formation has also been shown to be mediated by the combination of bacterial surface structures expressed at various levels dependent upon the environmental conditions encountered by the bacteria. Among those, the expression of Congo red-binding curli fimbriae and exopolysaccharide cellulose has been well associated with STEC biofilm formation. It was reported that 46 to 79% of the commensal E. coli isolates express either one or both components, and these strains often demonstrated higher biofilm-forming capabilities (44) . Previous studies (43) indicated that the majority of O157:H7 strains did not express curli fibers; therefore, these strains were generally not strong biofilm formers in the laboratory. Furthermore, one study (26) , which detected biofilms formed by seven O157:H7 strains on stainless steel and polyurethane coupons with direct epifluorescence microscopy, observed that these biofilms were all composed of small microcolonies and single cells, most likely due to the lack of curli a QAC and chlorine solutions were prepared in sterile distilled water and used at final concentrations of 300 ppm and 200 ppm, respectively. Data are shown as mean log CFU per well (standard error) (n~12). All possible interactions of sanitizer, exposure time, species, and strain within species were analyzed, and the LSD (P , 0.05) among means was 0.845. b 2, negative; ¡, weak positive, zz, strong positive; z, positive. expression. A study by Cookson et al. (9) investigated the role of type 1 and curli fimbriae in STEC biofilm formation using 13 O157:H7 strains and 13 non-O157 strains belonging to serotypes O26, O128, O103, and O145. All 13 O157:H7 strains showed negative fimbrial expression, but 11 of 13 and 5 of 13 non-O157 strains expressed type 1 fimbriae and curli fimbriae, respectively. Their data further indicated that elaboration of curli fimbriae enhanced STEC biofilm formation. In the present study, we also screened all 30 STEC strains for curli expression on CRI plates (Fig. 2) , and our observations were in agreement with the previous reports ( Table 1) . Of the 10 O157:H7 strains, FSIS 62 was the only strain that exhibited a weak curli expression on CRI plates. Notably, this strain also displayed the highest potency of biofilm formation on polystyrene plates among the 10 O157:H7 strains. In contrast, 7 of the 10 O26:H11 strains and 5 of the 10 O111:H8 strains demonstrated positive curli expression at various levels, and a correlation between positive curli expression and strong biofilm formation on polystyrene plates was also observed in most of these strains. These data were consistent with results of previous studies showing that curli expression by E. coli strains could enhance cell attachment on polystyrene surfaces (35, 46) . In tests at the air-liquid interface on glass surfaces, the curli-positive strains of serotype O111:H8 also exhibited an overall high potency of pellicle formation. However, not all curli-positive strains of serotype O26:H11 formed strong pellicles in the same setting, for example, strains CL-5 and P5-1. On the other hand, two O26:H11 strains, 18 B24-2 and DEC 10E, displayed negative curli expression on CRI plates and formed very weak biofilms on polystyrene plates but demonstrated strong pellicle-forming capability (Table 3 ). In addition, a curli-negative O111:H8 strain, TW05614, showed a high potential of biofilm formation on polystyrene surfaces (Table 2 ). These observations suggest that other genetic determinants are involved in the phenomenon, as the genes required for biofilm or pellicle formation by the various serotypes and strains might differ. Indeed, the regulation of the bacterial quorum sensing system, chemotaxis, flagellar synthesis, and other motility genes was found to be involved in STEC biofilm formation at various levels under different conditions (39) . Therefore, selections of bacterial strains and experimental conditions should be examined on a case-by-case basis since STEC biofilm formation is affected in complex ways by a combination of physiological and environmental factors.
Virulent STEC strains can cause severe human illness with a low infectious dose; therefore, these foodborne pathogens present a serious health risk through crosscontamination from food contact surfaces to food products. The strong potential of biofilm formation by certain STEC strains and their increased tolerance to environmental stresses highlights the importance of properly sanitizing food processing equipment and food contact surfaces in order to control and inactivate STEC biofilms. A 3-log reduction (99.9%) of viable cells has been considered as an effective decontamination of attached or biofilm-forming bacteria (30) . However, an area not completely explored is the tolerance of biofilms formed by various STEC serotypes to the common sanitizers, especially the non-O157 STEC biofilms. The effectiveness of sanitizers against STEC biofilms could be influenced by a combination of factors such as the materials of the attachment surfaces, the bacterial strains, and the age of the biofilms. In general, mature biofilms are more tolerant to physical and chemical treatment due to the strong three-dimensional structures and the additional protections provided by the multiple layers of bacterial cells with well-expressed extracellular substances. To test biofilm tolerance to sanitizers, from each STEC serotype we selected three strains that demonstrated high or moderate potential of biofilm formation on polystyrene plates; we let them form biofilms for 72 h as most of these strains developed the highest biofilm mass after 72 h of incubation in the previous experiments.
Two types of sanitizers commonly used in the food industry were tested for their effectiveness against the STEC biofilms. Vanquish is a QAC-based, one-step sanitizer effective against bacteria, viruses, and fungi. Its bactericidal activity is associated with the C 12 -C 14 alkyl derivatives in the active ingredients that can disrupt cell membrane lipid bilayers, compromise cellular permeability controls, and induce leakage of cellular contents. This sanitizer is commonly applied in federally inspected meat and poultry plants, and it can be used on a wide variety of food contact surfaces without requiring a rinse. Chlorinebased sanitizers, available in solid, liquid, or gas-injection forms, are the most commonly used reagents in food processing plants. Chlorine sanitizers act as oxidizing agents on thiol groups, and they are generally effective against a wide variety of bacteria. The use of chlorine has been evaluated and suggested as an effective means to depolymerize and remove the exopolysaccharide matrix that surrounds and protects bacterial biofilms against sanitization (24) . Usually no water rinse is required if chlorine concentration in the solution is lower than 200 ppm. Overall, our findings indicated that significant reductions of viable biofilm cells were achieved with each sanitizer, and STEC biofilm tolerance to sanitization was highly strain-dependent regardless of the serotype. Recent studies conducted at our institute indicated that, on pathogen-inoculated fresh beef surfaces, the non-O157 STEC cells were as sensitive as the O157:H7 cells to antimicrobial interventions using lactic acid, acidified sodium chlorite, or peroxyacetic acid (unpublished data). This was in agreement with our present sanitization study targeting STEC biofilms formed on solid surfaces, as we observed no significant difference in cell reductions among the three STEC serotypes.
As described above, curli expression was correlated with enhanced STEC biofilm formation. Moreover, Ryu et al. (37) previously reported that curli production significantly increased the resistance of STEC O157:H7 biofilms to chlorine exposure. In addition, a recent study presented genetic evidence indicating a contribution of curli expression to E. coli cell survival in the presence of toxic compounds, such as nickel (17) . In our sanitization study we also observed that curli expression by O157:H7, and the non-O157 STEC strains was associated with their high tolerance to sanitizer treatments (Table 4) . Among the O157:H7 strains, the average decrease in viable cells of the two curli-negative strains was approximately 6.0 log CFU per well, but that of O157:H7 strain FSIS 62 with a weak curli expression was 3.0 log CFU per well after a 10-min QAC exposure. For the non-O157 strains with negative or low curli expressions (O26:H11 strain DECA 10A and O111:H8 strain TW05614), QAC exposure for 2 or 10 min both reduced biofilm cells to negligible levels of approximately 1.0 log CFU per well, which represents more than 6.0-log reductions in each case. However, QAC treatment for 2 or 10 min only reduced viable cells of the non-O157 strains with strong curli expressions by an average of 1.0 to 3.0 log CFU per well. A similar pattern was also observed with chlorine treatment. The average cell reduction of the curli-negative STEC strains was more than that of the curlipositive strains following a 2-min chlorine exposure. When the contact time was increased to 10 min, viable cells of the three STEC stains with low or negative curli expressions were further reduced to negligible levels of lower than 1.0 log CFU per well. Meanwhile, the curli-positive stains exhibited higher tolerance, as the 10-min chlorine exposure resulted in an additional 1.0-log cell reduction for O26:H11 strain 7-14 50A and O111:H8 strain 1056-1, and no significant difference in cell reduction was observed between 2-and 10-min chlorine treatments for O157:H7 stain FSIS 62 and O26:H11 strain 10205. The two curlipositive O111:H8 strains demonstrated the highest tolerance to both sanitizers. The average decreases in viable cells for these two strains were 1.0 and 2.0 log CFU per well, following 2-and 10-min exposure to either sanitizer, respectively. These observations suggested that curli expression by STEC strains was involved in not only enhancing biofilm formation but also in protecting the biofilms against sanitizing procedures. Notably, among the three O111:H8 strains, the curli-negative strain TW05614 demonstrated the highest potency of biofilm formation on polystyrene plates but the lowest tolerance to both sanitizers, suggesting that a high potential of cell attachment and biofilm mass development does not necessarily parallel a high tolerance to sanitizers. Different gene regulations could be initiated in response to sanitization and to other adverse stress that triggers cell adhesion and biofilm formation.
In conclusion, our study showed that biofilm formation by STEC strains of serotypes O157:H7, O26:H11, and O111:H8 was highly strain-dependent on polystyrene surfaces, whereas the two non-O157 serotypes demonstrated a higher potency of pellicle formation at air-liquid interfaces on glass surfaces. This phenomenon might be affected by a combination of bacterial physiological as well as environmental factors. Significant reductions of viable biofilm cells were achieved after treatments with sanitizers commonly used in the food industry, including chlorine and a QAC solution. No significant difference was observed in cell reductions by sanitization between the non-O157 and O157:H7 biofilms. However, biofilms formed by curlipositive STEC strains exhibited higher tolerance to the sanitizing procedures; therefore, bacterial curli expression played a significant role not only in STEC biofilm formation but also in high tolerance to sanitizers as well. The strong potency of biofilm and pellicle formation by various STEC serotypes and their high tolerance to sanitization might contribute to STEC colonization on food contact surfaces and the resultant cross-contamination, which could lead to foodborne outbreaks and clinical infections.
